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Summary 

CD34* cells in human cord blood and marrow are known to give rise to dendritic cells (DC), 
as well as to other myeloid lineages. CD34 + cells are rare in adult blood, however, making it 
difficult to use CD34+ cells to ascertain if DC progenitors are present in the circulation and 
if blood can be a starting point to obtain large numbers of these wimunostimulatory antigen- 
presenting cells for clinical studies. A sys:*raatic search for DC progenitors was therefore carried 
out in several contexts. In each case, we looked initially for the distinctive proliferating aggregates 
that were described previously in mice. In cord blooi, it was only necessary to deplete erythroid 
progenitors, and add granulocyte /macrophage coiony-itimulating factor (GM-CSF) together with 
tumor uecrosis factor (TNF), to observe many aggregates and the production of typical DC 
progeny. In aduit blood from patients receiving CSFs after chemotherapy for malignancy, GM- 
CSf and TNF libswise generated characteristic DCs from HLA-DR negative precursors, However, 
in adult blood from healthy donors, the above approaches only generated small DC aggregates 
which then seemed to become monocytes. When interlcukin 4 was used to suppress monocyte 
development (Jwen, J. H., G--J- H. M. Wientjeas, W. E- Kbb* R. WiUesnxc, and H- C. 
Kluin-Nelemans. 1989- J. Exp Med. 170:577.), the addition of GM-CSF led to the formation 
of large proliferating DC aggregates and within 5-7 d f many nonprolifcrating progeny, about 
3-8 million cells per 40 ml of blood. The progeny had a ciaxactcristic morphology and surface 
composition (eg., abundant HLA-DR and accessory molecules for cell-mediated immunity) and 
were potent stimulators of quiescent T cells. Therefore, large numbers of DCs can be mobilised 
by specific cytokines from progenitors in the blood stream. These relatively large numbers of 
DC progeny should facilitate future studies of their FceRI and CD4 receptors, and their use 
in stimulating T cell-mediated resistance to viruses and tumors. 



Dendritic cells (DC) 2 provide an effective pathway for 
presenting antigen* to T cells in situ, both self-antigens 
during T cell development and foreign antigens during im- 
munity (for a review see reference 1), As such, the delinea- 
tion of developmental pathways for DCs themselves is of some 
importance- By identifying the sites in which DC p:oger>- 
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iters are found, as well as the requisite cytokines for their 
proli&ration and maturation, one would have much better 
access to a cell type that mediates clonal deletion of autoreac* 
live T cells in the thymus (2) as well as clonal sensitization 
of peripheral T cells (3-6). 

Two features are well described for the DC developmental 
pathway: DCs on originate from bone rnanuw progenitors 
(7-10) and both the proliferation and maturation *f DCs 
arc enhanced bv the cytokine GM-CSF (11-21). Early detailed 
descriptions ot the formation of DCs from proliferating pro- 
genitors were obtained using mouse blood (11) and shortly 
Thereafter, mouse marrow (12). fc was noted thac an MHC 
class II negative precursor could be driven to form distinc- 
tive, proliferating aggregates which in turn gave rise to typ- 
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ical nonproliferating DC progeny. The latter exhibit a tetrad 
of features: irregular cell shape and motility, abundance of 
surface molecules that are involved in effective antigen pre- 
sentation, potent stimulation of quiescent T cells in the MLR 
(U t 12) and mycobacteria! response (22), and homing to the 
T cell areas of lymphoid tissues in situ. 

Prior reports have also defined DC precursors in humans, 
primarily within the CD34* progenitor pool in cord blood 
(14, 15) and adult marrow (16, 23). However the applica- 
bility of this information has been somewhat limited by the 
need to start with the trace CD34+ subset. To date, the 
reported yields of progeny also are small if one is aspiring 
to use DCs to manipulate the immune response in autolo- 
gous human T cells. Given the capacity of DCs to elicit strong 
antigen-specific helper aiid killer T cell responses (1), one would 
like to identify accessible sites containing human DC pro- 
genitors as well as pathways for their proliferative expansion* 

Since blood is the most accessible tissue for clinical studies, 
we set out to extend the findings that were reported in mouse 
blood to humans. However, when we tried to induce DC 
growth by adding GM-CSF to human blood, we identified 
actively proliferating DC aggregates only infrequently. Rather 
than conclude that DC progenitors were present in mouse 
blood but absent from human blood, we performed a step- 
wist analysii of the criteria and progenitor populations that 
exist in human blood in different situations. As is described 
here, the parameters that were productive with mouse blood 
(U) were indeed applicable to humans as long as one began 
with neonatal cord blood from adults who were receiving 
CSF replacement after chemotherapy. Knowing that the 
criteria could be extended from mice to humans, we then 
returned to normal blood from healthy adults. Conditions 
for the generation of large numbers of typical DCs from ag- 
gregates of proliferating progenitors were identified. A com- 
bination of GM-CSF and DL-4 reprodudbly provides about 
3-8 million potent DCs from a 40-ml blood sample. 

Materials and Methods 

Culture Medium. We used BJPMI 1640 supplemented with 200 
mM L-flutamine, 30 nM 2-ME, 20 pg/ml gentamicin, and either 
5-10% FCS (56*C fiat 0.5 h; Seromed-Biochrom KG, Berlin, Ger- 
many) or, in some experiments with 5% cord blood serum. 

Raombinant Human Cytokines. GM-CSF (3.1 x 10* U/mg) 
was kindly provided by Dr. E. Liehl (Sandoz Research Institute, 
Vienna. Austria); TNF-o (6 x 10 7 U/mg) by Dt G. R. Adolf 
(Ernst Boehringer Institut fcr Aizncrimttclfgrscbung, Vienna, Aus- 
tria); and IL-lcr (3 x 10* U piO assay]/rng) by Dr. P. Lomediso 
(Hoffmann La Roche Inc., Nutley. NJ). Hr4 was commercially ob- 
tained material (10 7 U/mg) (Gcnayme Corp., Cambridge, MA) or 
supernatant from UA gene-tranifected COS cells (3 * 10 4 
U/ml), kindly provided by Dr. G, Le Gros (Ciba-Gcigy Ltd., Basel, 
Switzerland). M-CSF (1.9 x 10 6 U/mg) was a rft of Dt S. Clark 
(Genetics Institute, Cambridge, MA). IW and G-CSF were pur- 
chased from Genzymc Corp, 

mAhs. \We used the following mouse znAbs (see reference 24 
unless denned here): W6/32, anti-HLA-A>B\C (HB95 from the 
American Type Culture Collection, [ATCCJ Rockville* MD); L243, 
anti-HLA-DR (Becton Dickinson 6c Co. [BD], Mountain View, 




CA); 9.3F10. and KLA-DR+DQ (HB180 from ATCC); Rf^ 
anti-HLA-DQ-related (gift of L. W. Poultet Royal Free Hospital 
London, England); B7/21, and-HLA-DP (BD); UCHLl. ^ 
CD45RO (Dako Corp., Giostrup, Denmark); 4G10, anti-CD45Rj^ 
3C10 and LeuM3 (BD). anri-CD14; EBM11, anri-CD6S pakoV 
LeuMl, anti-CDIS (BD); LeuM9, ariti-CD33 (BD); HPCA-1, m & 
CD34 (BD); Leullh, anri^CDlo (BD); 2A3, anti-CD25 (BD); IVj 
(M. Fangex, Dartmouth College Medical School, Hanover, NH) 
and CIKM5 (G. Pilkington, MacCaUum Hospital, Melbourne, An* 
trilia), anti-r^7Rn/CD32; 15-1, anti-FeeRI Q.J>. Kinet, National 
Institute cf Allergy and Infectious Diseases, National Institutes of 
Health, Rockville, MD [25]); OKI-*, anti<2>la (Ortho Phar* 
laaceudeala, Raritan, NJ); Leu4 (BD) and OKT-3 (Ortho), aoti- 
CD3; Leu3a+b, anti-CD4 (BD); Leul, anti-CD5 (BD); Leu2», 
asti-CD8 (BD); Leul2, anti-CD19 (BD); l*ul6, anti-CD20 (BD); 
VIB-E3. anti-CD24 (W. Knapp, University of Vienna, Vienna, 
Austria); G28-5, aati-CD40 (J. A. Ledbetter, Bristol-Myers Squibb 
Phiftruceutical Research Institute, Seatde, WA); TB133. anti-leu- 
kocyte function-associated antigen 1 (LFA-l)ZCDlla and CLB54, 
anh-CDlfi (both from S. T. fth. Free University, Amsterdam, The 
Netherlands); LeuM5, antt-CDllc (BD); 7F7, anti-intciccllular 
fidheiion molecule 1 (ICAM-1)/CD54 (M. P. Dicxich, University 
of Innsbruck, Innsbruck, Austria); AICD5A, and-LFA-3/CD58 
(Immunotech, Marseille, France); BB1, anti-B7/BBl/CD80 (E. A. 
Ckrk, Univmity of Washington, Seattle, WA); Lag, anri-Birbeck- 
gnnule-assoda^J (M, Kashihira-Sawaini, Kyoto University, Kyoto, 
Japan [26]); VTE-G4. anriglyoophotiii (O. Majdic* University of 
Vienna); and Ki-67» proliferation-associated antigen (Dako [27]), 
Culture of DCjhm Cord Blood. Cord blood was collected ac- 
cording to institutional guidelines during normal full-term deliv- 
eries. PBMC were isolated by flotation on Lympboprep (Nycomed, 
Oslo, Norway), washed, incubated once in saturating concentra- 
tion* of antiglycophorin mAh anti-HLA-DR and anri*CD3. 
washed, panned (10 min on ice, then 20 mm at room temperature) 
twice onto bacterial pctri dishes coated with goat anti-mouse 1^ 
(H + t) Ab (Jackson ImTnunoResearch Laboratories, West Grove. 
PA) . Th< nonadherent fractions were then plated in 24-well dishes 
(Cosrar Corp., Cambridge, MA) and cultured as described in de- 
tail in Results. 

Cuhure of DCsfrvm At Blood of Caw Batimts. R:npheral blood 
was obtained with the informed consent of cancer patients in com- 
plete remission during hematopoietic recovery after high-dose con- 
solidation chemotherapy and subcutaneous daily administration cf 
G-CSF (300 fig human rG-CSF [Neupogen; Horrmann-LaRoehe. 
BascI, Switzerland] to tS patients with leuLmiias/lyiziphozriai, act: 
to two patients with sobd tumors, or GM-CSF (400 jtg humai^ 
rGM-CSF [Leukoma*; Sandoz. Basel Switzerland] to one pattern 
with leukemia and two patients with solid tumors. PBMC were 
prepared by sedimenution in Lymphoprep, coated with inti-KLA- 
DR. plus anri-CD3 mAbs, -washed, and panned twice aj descrih^d 
above. Nonadherent, depicted fractions were then processed ac 
cording to the protocol described in detail in Results, 

Culturw of DC from the BlcoA of ffea/Ay Adults. PBMC were 
obtained from cither 40-100 ml heparitu2ed fresh whole blood or 
leukocyte-enriched hufry eoats (28), and processed as described in 
detail in Results. 

Phenotypic A nalysk Wc pcrtbrrncd phenotypic analysis exactly 
as described previously (29) by imrnunolabcling and flow cytorri 
etry analysis, and by irnmunoperoxidase/" immunofluorescence on 
cells cytospua or attached by poty-i-iysine to glass slides, 

T Cell Stimulation Assays. Allogeneic primary MLR and ox- 
idative mitogenesis were performed exactly as described (29). 
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yrttematically evaluated three different situations to 
c-grtte DCs from proliferating progenitors in blood. Our 
fig^eff to define requisite criteria and cytokines for proliftr- 
SJg DCs, but at the same time to avoid the need to enrich 
fa progenitor populations which are so few in 

CW Bkxw* Afommaclrtfr C*Hf as a Swtcc for DC Progen- 
hats, We began with cord blood* since a prior report had 
JJ^n that 0.5-10 6 enriched <>95%) CD34* cord blood 
cdls could give rise to 1-2.5 x 10 7 DCs if cultured for 3,4 
& in a combination of GM-CSF and TNF (14). A limitation 
to this previous protocol was that cord blood only contains 
0,9-2.6% CD34+ cells (30). Therefore, wc assessed a prior 
technique with adult mouse blood (11) in which unfractio- 
nated cells or MHC class II negative cells, were cultured in 
GM-CSR Wc found that the varying, yet substantial per- 
centage of nucleated crythxoid cells in human cord blood was 
tax ic and that these could be removed by panning with an- 
tiglycophorin A mAb. Wc began, then with erythroid- 
depleted cord blood cells with a low buoyant density (<1.077 
g/ml) and plated these at 1-2 x 10*/ml in 1 ml of standard 
medium supplemented with GM-CSF (400-800 U/ml) ± 
TNF (50 U/ml). The wells were fed every other day by 
aspirating 0.3 ml medium and adding back 0.S ml medium 
with cytokines. 



The subsequent events were similar to those described pre- 
viously with mouse blood. First, small adherent aggregates 
appeared after 4-7 d (Fig, 1, A andB). Many of the periph- 
eral cells displayed a veiled or dendritic appearance, and these 
adhered loosely to a nest of spindle-shaped cells. Nonadherent 
cells could be removed by careful rinsing in warm medium, 
but this was not essential. The adherent aggregates enlarged 
over the next 7-10 d. indicating proliferative activity (Kg. 
1 O- Typical 44 veiled" DCs (Fig. 1, D and £) were then 
released. These DC aggregates only developed if GM-CSF 
was added to the medium. TNF although not essential, in* 
creased aggregate size and DC yield by 50-100%. It was ad- 
vantageous to remove the TNF during the last 1-2 d of cul- 
ture to permit the release of single, mature DCs. 

The released DCs were identified by three sets of criteria. 
First, the cells by inverted phase contrast microscopy showed 
characteristic thin motile cytoplasmic processes or veils (Fig. 
1, D and £). The typical ultrastructuxe of DCs was noted 
by electron microscopy (sec below). Only one Langex- 
hans cell granule (Birbeck granule) was found in 100 cell 
profiles. Second, the DCs had the standard phenotypc i.e., 
HLA-DR rich but negative for markers of other cells, e.g., 
CD3/14/19/20. Like epidermal Langexhans cells, CD la was 
detected but only 1-2% of the cells reacted with an antigen 
associated with Laogerhans cell granules (anti-Lag) (26). h 




Figure l Devclopmeai of DCs La liquid culture of cord blood mononuclear cells supplemented with GM-CSF and TNfc After 6 <L small adh«t«m 
aggregate* are visible «nd*r the inverted pbw mi«a« microscope (A). Higher magoifecarion icntli that they display typical wOi « thai edge* 
"TO*), ud act affixed to adherent spnoVihaped cell* (B). At day 14, ihe DC aggregates have b«com« much larger {O, aod then fcaalli ' rdeaie tyxical 
<ingk DO which display many ptocetses (D, bright fiild), notably characterimc veils {arrow indicates one «uch veil that *pp**tt en free) (£. phase 
contrast). (A and C) *25; (fi) xlOO; (D and E) xJSO. 
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is interesting to note chat these were in the center of rare 
residual aggregates. Third, the cord blood-derived DCs were 
potent stimulators of resting T cells in the primary MLR 
(Eg. 2 ^4) as well as oxidative autogenesis (dati not shown). 
The inclusion of TNF in the culture medium increased the 
immunostimuUtoty Euncrion of the DCs (Fig* 2 A). 



The above protocol has proven reproducible in 21 stan- 
dardized experiments and generates 1-5 x 10 6 DCs from 
40 ml of cord blood at a purity of 20-50% (lable 1). Purity 
can bt increased to >80% by flotation on inetrizamidc (28) 
columns. Wc conclude that (a) it is not necessary to enrich 
for CD 34 * precursors to generate typical DCs from cord 



Tablet 1 . DC Progenitor* in Human Blood 



Type of blood donor 



Neonatal, cord blood 

Adult blood, patients, 
chemotherapy, and 
CSF therapy 

Adult blood, normal 



Enrichment of DC 
progenitor* 



Remove glycopborin * 
erythroid cells 

Remove CD3* and 
HIA-DR* cells 

Bulk PBMC, 
adherent and 
loosely adherent 



Time of 
culture 



DC yields/ 
40 ml blood 



d 

10-20 
16 



5-7 



1-5 x 10 6 
4-8 x 10* 

3-8 * 10* 



Percent DC 
enrichment 



Cytokines 
added 



% 
20-50 

60-80 



40-80 



GM-CSF 
TNF-o 

GM-CSF 
TNF-o; 

GM-CSF 
IL4 



86 Proliferating Dendritic Cell Progenitors in Human Blood 



Wood, and (4) the criteria that proved useful in identifying 
ificregates of proliferating progenitors in mouse blood are 
applicable to human ctik 

QCPtogWton in the Bleed of Cancer Patients dumg Hema^ 
topfetk Recovery]™™ Chemotherapy. We next studied blood 
^oonudcar cells from cancer patient* in full remissiou 
/ Unlrgf T* i ^lymphomas and solid tumors) after high-dose chc- 
JJo^apy and either G-CSF (17 patients) or GM-CSF (3 
natients) treatment. U is known that in the hematopoietic 
recovery of such patients, progenitors arc mobilized into the 
Wood in substantial numbers (0.5-6,0% CD34* cells) £31. 
32). Instead of enriching for CD34* cells, we simply re- 
moved CD3 + and DR* cells hy panning, and then plated 
1-2 x 10* calk in 1 ml of medium with 5-10% FCS or 5% 
cord serum plus 400-800 U/ml GM-CSF. The nonadherent 
cells were trans&rred at day 2 (or in some experiments at 
<Jay 1) and cultured for 16-d feeding every other day. 

Growing DC aggregates appeared on day 3-5 and expanded 
in size until day 11 (data not shown, but compare with Fig. 
3). The aggregates developed peripheral veils and initially were 
loosely attached to a stroma but later were nonadherent. The 
wells were subcukured, e.g„ one well split to two to three 
wells, when the cell density increased, or if mora tightly ad- 
herent, smooth, non-DC clusters appeared {contaminating 
macrophage and granulocyte progenitors). When the DC ag- 
gregates became very large (day 12-16), it was easy to dis- 
sociate the cells and float the mature DCs on metriaanride 
columns- 

The DCs that developed in thb manner bad a typical mor- 



phology by light and electron microscopy (data not shown, 
buc comparable to Figs. 3 and 6). The phenotype was again 
MHC class li rich but null for CD3/14/19/20 (data not 
shown), MLR stimulatory function was potent (Fig. 2 B). 
In contrast to cord bfood-derived DCs, CDla and Lag an- 
tigens were not seen (data not shown). 

GM-CSF proved essential for DC development. G-CSF* 
M-CSF, and 1L-3 were inactive. Exposure to 3,000 rad of 
ionizing irradiation blocked DC development. Addition of 
TNF at 10-50 U/ml usually, though not always, increased 
DC yields up to rwofold, and always improved the function 
of DCs (Kg. 2B). Human rIL-1 (50 LAP U/ml), when added 
during the last 24 h in some experiments, further increased 
function (Fig. 2 B)- 

Starting from 4C ml blood, and using both GM-CSF and 
TNF, the yield (Table 1) of mature DCs was 4-8 x 10* a; 
16 d with 60-60% purity. This is at least 20 rimes the yiek) 
of mature DCs in fresh normal blood (28, 33). 

Prokjmung DC Aggregates from Normal AtultBhxxL When 
we applied the above methods to blood from healthy adults, 
we did observe some small, adherent, veiled aggregates be- 
tween days 8 and 16- In all 20 exrxsriment*, the aggregates 
then deteriorated and did not enlarge, leaving behind non- 
viable cells or leu often, a few macrophages. Because a stromal 
monolayer was not evident in the cultures, we next omitted 
the panning step with anri-CD3 and HLA-DR in case the 
panning antibodies removed required accessory cells. We 
simply plated 10* bulk mononuclear cells in 1 ml of medium 
with GM-CSF (800 U/ml) and TNF (50 U/ml), and after 




Ftaue 3. D^pmeat of DCs in liquid culture, of normal «Ui blood mononuclear ^ | 
munhin (C. wiowj mark mi vd»- {A and B) x25; (Q x500- 
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1 dL gently removed the nonadherent lymphocytes, We then 
observed the adherent calls every 12 h under the inverted mi- 
croscope, To our surprise, many small adherent aggregates 
developed within 2 d. and most were covered with typical 
DC veils. However within two more day?, the aggregated 
celk became round and gave rise to a monolayer of macro- 
phages. These events took place whether GM-CSF or GM- 
CSF plus TNF were added However, by dap 12-16, typical 
fypgxHrg DC aggregates appeared in some ot die wells. These 
aggregates were loosely affixed to an adherent monolayer as 
previously observed in mouse blood (11) (data not shown). 
The DCs that were released were typical in morphology, 
phenotype (data noc shown), and T cell stimulatory func- 
tion (Pig. 2 Q. The yield was about 4% of the initial number 
of mononuclear cells plated, which is far greater than the 
0,5-1% yield of DCs in fresh blood (28, 33). 

We suspected horn these findings that DC precursors were 
actually quite numerous in blood, but that the precursor still 
had the potential to give rise to macrophages. The latter is 
known to be the case for the CPUs that GM-CSF induces 
in mouse (34). Since IL-4 at 5<XM*000 U/ml blocks macro- 
phage colony formarion (35), we added IL-4 to GM-CSF and 
repeated the experiments. 

The combination of GM-CSF and IL-4 produced two 
striking Endings. First, the numerous, initial veiled aggregates 
(Fig. 3 A) did not transform into macrophages but rather 
increased rapidly in size over the next few days (Fig. 3 3). 
The aggregates became nonadherent, displayed typical veils 
all over the periphery, and began to release mature DCs (Fig. 

3 C). Second, the single adherent cells (presumably mono- 
cytes) that were scattered in between the small adherent ag- 
gregates, also became nonadherent and developed processes 
similar to those of typical DCs (data not shown). Growing 
DC aggregates only formed in the presence of both GM- 
CSF and IL-4. The iotial nonadherent fraction also devel- 
oped some aggregates but these were obscured by th« access 
of lymphocytes. 

After having made these observations in 20 experiments, 
we found it simpler to use larger 35-mm wells. The protocol 
was to plate 5-20 x 10* plain bulk mononuclear cells in 3 
ml of medium, to discard the nonadherent cells at 2 h with 
a very gentle rinse, and to then culture the adherent cells 
in medium supplemented with GM-CSF (800 U/ml) and IL-4 
(500 U/ml). With the above gentle wash, the nonadherent 
cells did not develop DC aggregates, but with more vigorous 
washing, the aggregates mainly developed in the nonadherent 
fraction. 

The presumptive DC aggregates were verihed to be prolifer- 
ating by two criteria: staining of M0% of the cells with 
the Ki-67 mAb mat identifies an antigen in cycling cells (27) 
(Pig. 4 D), and sensitivity to 3,000'rad. In contrast, the tightly 
adherent populations, which could develop single cells with 
the appearance of DCs (see above), were nonproliferattng as 
evidenced by a lack of staining with anti-Ki-67 mAb (Fig. 

4 D) and a resistance to 3,000 rad of irradiation. 

The combination of GM-CSF and IL-4 reproducibly gives 
rise to large growing DC Aggregates over a 5-7*d period, 




Figure 4. Phenotype and pcoU&ndcc ckractnixtka of DC* grows 
horn normal blood with GM-CSF plm IL-4. Fkotesee&c* pictures b cadi 
row represent identical microscopic fields of doublcbbeWd cyrospta prepa- 
rations. (Up) Pmels ate sained with anti-HLA-DR. DCl gwwn in GM- 
CSF mc Hr4 ar* strongly HLA-BR positive [A, #0 hut display only 
a dull spot of SftTi-Cbifi ceactivity {right), b ewttart, control cells grown 
in pftftDdl without cytokines (mainly macrophages) show an inverted pat- 
urn: ray low HLA-DR (B, Irft) hut brilliant CD68 txprmloa (right). 
mAb Lag (C. rfcfc) identi&a ocouioxul Bixbock granule containing cells 
m the center of %n HLA-DR-eqircssing aggregate of DC (left). Peroxi- 
dase itiking of P-Jdei and nucleoli with mAb Ki-67 (D) aWon* traces 
that proEftrattoa occurs predominantly tn aggregates (k/fy singly dispersed 
DC derived train nrmJy adherent celb (tee text) are no: mined {rifhty 
(A-C) »200: (D) *100. 

At that time, growth essentially ceased. The aggregates then 
could be disassembled by pipetting into DCs with a typical 
surface phenorype (Fig. 5). characteristic morphology at the 
light (Fig. 3 C) and electron microscopy levels (see Fig. 6), 
and strong T cell stimulatory fcnetion (Fig. % D-F). Human 
rIL-1 (50 LAF U/ml), when added during the last 24 h of 
culture, amplified the stimulatory function of DCs as ob- 
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fifurj 5. CytofliwrograpWc andyiis of dendritic cells (DC) grown to normal penphml blood with GM-CSP plot IW, Two different representa- 
tive experiment* arc ikown. Epidermal Ungtrbana otll* (XjC ; cultured for 3 d included in otw experiment tor caraptrixoa, Tfcree-color imiiwokbeijag 
wu peiWed. Cells were lUined with diferent mouse mAbs falWd 10 $eaueac* by btotinyW ind-mcuK lg, Btrecttvid r^PE, mouse Ig for blocking 
tiding sit*, and FITC^onjugated ind-HLA-DR. Dead cell* ind tymphoeyaa were excluded from anaiyaiby projridium iodide staming and 
Hsfcr scatter propeniti, wspacthtly. More thin 90% of the remaining cells were itrraglv MHC«ksa H pojjtiw and constituted DC. Th« pheootype 
«f this population is «bowu (jA*Wo*w), Isotypc-instcned control antibodies are included in each hittogwm (fetf aims). Blood DC dispUy ft pb«notype 
typical for DCs as described and almost identical to cultured LC In direct comparison (24, 2B, 29, 33). It is notible that they do not expreu CD14 
buVw High In* of MHC mobaile* (HI A- ABC, DR.. DQ, and DP), adneiuu (CD 54, CDS*. CDUjl [not shown], ft&d CDlfe), and costunuUtocy 
ntafe^ (CD40 and B7/CD80). Tbey ate also nsptivt with markers far granulocytes (CD15), NK cells (CD16), B cells (CDtt foot shown] and 
CD?0). aadTcefls (CD3 and CD8 (not shown)). Expression of CDS and the staining purtera of CD45RA and -RO are u described for DC* uokted 
fcc;a foah blood (33). 



served with murine DCs isolated from spleen or epidexmi* 
(18, 36). It is interesting to note that the blood-derived DCs 
expressed CDIa, CD4, ind FrsRI as is typical of epidermal 
langcr hans cells (25, 37 ? 38)- Birbeck granules were cot de- 
tectable by electron microscopy, however, and only a rare cell 
in the center of $ residual DC aggregate stained with anti- 
Lag mAb (26) (Kg. 4 Q, Anti-CD68 immune staining re- 
vealed a perinuclear tone of reactivity in some of the DC* 
(Kg. 4 A), a feature that dififen from the strong diffuse granular 
staining of macrophages (Pig. 4 B). 

The yield of mature, imiuunostixnuiatory DCs (Table 1) 
was 6-15% of the mononuclear cells plated. This is miny 
times greater than the number of DCs that can be identified 
in unstimulated blood (0.3-1%) (28, 33). The above pro- 
tocol and yield (3-8 x 10 6 DCs/ 40 mi of blood) has proven 



reproducible in over 25 ocperimcnts with blood from healthy 
males and females (25-60-yr-old), using cither fresh venipunc- 
ture or buffy coat preparations* 

DC Progenitors in Human Blood: Identification. These find- 
ings of necessity appear methodological in nature but in fact 
outline a pathway whereby the distinct DC lineage can be 
induced to proliferate and mature from precursors that are 
relatively plentiful in human blood. The methodological caste 
of our results reflects the difficulty inherent in identifying 
precursors ard progeny in this distinctive imrnunostiinula- 
tory pathway. DCs are not yet known to express a lineagc- 
speciic surface antigen, as is the case with lymphocytes, e.g., 
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CD3. CD19, and CD20. A lade of U»eagc-spea£c markers 
i* also typical of the Individual human myeloid lineages, eg.. 
monocyte, neutrophil*, basophil*, and eosinophils. However, 
these other myeloid lineages We {St 
emca and distinctive CSFs, e.g., M-CSF and G-CSF. DC*, 
in contrast, arc only known to respond to the muitdineage 
cytokine GM-CSP (17, 18, 39). and their peculiar morphoiog>-. 
pheuotype, and function is b«t outlined with s composite 

of approaches (1)- , , 

Given these inherent dimculties, we searched for enter* 
that were similar to those that had been used to identity im- 
mature DC progenitor* (e.g., MHC class II negative) in mouse 
Wood (It) and bone marrow (12). Mouse DCs proliferate 
within a characteristic aggregate that attaches loosely to an 
underlying stroma and is covered with large sheetlike processes 
or veils (compare Rgs- 1 and 3). By denning conditions that 

five rise to such aggregates, at nrst containing a few cells 
ut growing to >10 cells in diameter, we could establish that 



proliferating DC progenitors are readily detectable in the bj"*' 
of all healthy adults, and that one could use these progen- 
itors to generate relatively large numbers of typical «n- 
munostiinulatory DCs within 7 d, i*. 3-8 milium of such 
cells per 40 ml of blood. . 

ThVcriticai finding was that GM-CSF did mduce the for- 
mation of many small DC pmgeoitor aggregates m human 
blood, but that these did not proliferate forther and i seemed 
to become typical macrophages. IW, a known uJuktoc. of 
macrophage colony formation (35). allowed extensive DC 
erowth and maturation to ensue (Fig. 3). 

DCProgtnium In Hum*n Bb*L Cytnline R^trem^ To 
study the properties of DC progenitors m blood, it is not 
necessary to etuich for CD3V multilmeage progenitors 
which arc so rare (<0.1%) in normal blood 1(40); Jhc !ne*d 
for exogenous cytokines may vary frcm one experimental «t- 
uation Vanother dependir-8 on thek endogenous p«,duc- 
tion (e.g-. TNF) by cells in the culture. However, it is to 
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^sscatul t0 add GM-CSF. Exogenous TNF-a is useful 
■ -. D pc numbers and function, as described by Caux 
A4), but primarily when one uses cord blood from 
Ji who are receiving CSF therapy to compensate for 
-therapy. The function of TNF-a may be to diminish 
iocyte production (41, 42), and to enhance responsive- 
of in early progenitor to GM-CSF as by inducing the 
a of the GM-CSF receptor (41, 42). With normal adult 
rjL-4 \s the desired exogenous cytokine that is to be 
* in combination with GM-CSF. Wc suspect that H-4 
suppressing the monocyte differentiation potential of 
^ DC progenitor (35). 

GM-CSF is essential to grow DCs from all sources used, 
Additional cytokines required fbr optimal DC growth from 
the Tario'U$ sources are, however, stiildngly different (TNF-a 
vexsus IL-4). We suspect that this is due to the fac: that the 
main DC progenitors involved differ. In cord blood the DC 
aggregates likely derive from CD34 r cells as preliminary ex- 
ppiments (Romanl, N„ unpublished observations) have 
ihown that depletion of CD34* cells from the initial in- 
oculum virtually abolishes the formation of DC aggregates. 
This also readily explains the need to add TNF-a which is 
known to induce responsiveness to GM-CSF of CD34 * cells 
(41* 42). Ongoing experiments indicate that IL-4 does not 
seem to enhance DC development from precursors that arise 
in cord blood mononuclear cells supplemented with GM- 
CSF and TNF-a (Bang. D., unpublished observations). We 
do not yet know, however, whether IL-4 is produced endog- 
enouily in such cultures. Endogenous IL-4 might suppress— 
similar to exogenously added IL-4 in adult blood cultures— 
the monocyte differentiation potential of more mature DC 
progenitors that derive from CD34+ multilineage progen- 
itors in response to GM-CSF and TNF-a. DC developmental 
pathways in cultures of blood derived from cancer patients 
during hematopoietic recovery are presumably similar to cord 
blood. Besides CD34+ cells it is, however, nicely that more 
committed precursors arc also involved as the percentage of 



CD34+ cells in the CD3/HLA-DR-depleted mononuclear 
cell fraction did not strictly correlate with DC yields. In normal 
adult blood io response to GM-CSF and TNF-cs and only 
after a prolonged culture period (2 wk), some DC aggregates 
emerged probably from early, rare DC progenitors similar 
to those in cord blood or the blood of cancer patients during 
hematopoietic recovery* The mam DC progenitors) in normal 
adult blood, however, appear(s) to be more frequent as only 
2 d of culture are needed before many DC aggregates appear 
(Fig. 3). Prior work in mice (34) and in humans (16) has 
described that the multilineage colonies that are induced by 
GM-CSF in semisolid agar cultures contain all three types 
of myeloid progeny, i*. granulocytes, macrophages, and DCs. 
The principal DC progenitor in normal human peripheral 
blood seems more diSexentiated since granulocytes do not 
develop. This committed progenitor is GM-CSF responsive, 
and likely biootentiaL developing into macrophages rather 
than DCs unless its monocyte differentiation potential is sup- 
pressed by IL-4. 

DC Progenitors in Human Blood: Clinical RiUvance. The 
larger numbers of DCs that are now available should help 
characterize two other intriguing features of the DC pheno- 
type that are clear-cut in the progeny that can be reared with 
GM-CSF and 11-4 from human blood. One is the expression 
of FctRJ receptors which could have a role in atopic derma- 
titis (25, 35), e.g., via the presentation of small amounts of 
antigen as IgE complexes. A second feature is the high level 
of expression of CD4, the principal receptor for HIV-1 (43). 

It also may be worthwhile to consider the use of IL-4 and 
GM-CSF, perhaps together with antigen-pulsed DC progen- 
itors (22), to enhance immune responses in situ. In any case, 
methods for the identification and growth of DC progen- 
itors in human blood, especially normal adult human blood, 
should make it feasible to explore the immunogenic poten- 
tial of these cells in clinical situations, such as the presenta- 
tion of antigens in resistance to infections and tumors. 
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